The biological and molecular properties of a novel satellite RNA (satRNA L) associated with tomato bushy stunt virus (TBSV) are described. satRNA L consisted of a linear single-stranded RNA of 615 nt, lacked significant open reading frames (ORFs) and had no sequence identity with the helper genome other than in the 59-proximal 7 nt and in a central region that is also conserved in all tombusvirus genomic, defective interfering and satellite RNAs. Secondary-structure analysis showed the presence of high-order domains similar to those described for other tombusvirus RNAs. Shorter-than-unit-length molecules were shown not to be related to a silencing mechanism. satRNA L did not modify the symptoms induced by TBSV under any of the temperature conditions tested. A full-length cDNA clone was constructed and used in co-inoculations with transcripts of carnation Italian ringspot virus (CIRV) and cymbidium ringspot virus (CymRSV). CIRV, but not CymRSV, supported the replication of satRNA L. Using CIRVCymRSV hybrid infectious clones, two regions were identified as possible determinants of the different ability to support satRNA L replication. The first region was in the 59-untranslated region, which folds differently in CymRSV in comparison with CIRV and TBSV; the second region was in the ORF1-encoded protein where a more efficient satRNA L-binding domain is suggested to be present in CIRV.
INTRODUCTION
Members of the genus Tombusvirus (family Tombusviridae) are isometric, positive-sense RNA plant viruses with a monopartite genome of approximately 4.8 kb, encoding five functional open reading frames (ORFs) (Russo et al., 1994; White & Nagy, 2004) . ORFs 1 and 2 encode the RNA-dependent RNA polymerase, ORF3 the coat protein, ORF4 the cell-to-cell movement protein (Dalmay et al., 1993b) and ORF5 the suppressor of virus-induced posttranscriptional gene silencing (PTGS) .
Tombusvirus infections are often associated with subviral RNA molecules represented by either defective interfering (DI) or satellite (sat) RNAs. DI RNAs are deletion mutants of viral genomes generated by replicase errors and therefore their sequence corresponds discontinuously to sequences of the parental virus. As these molecules do not possess the genes required for replication, movement and encapsidation, they depend totally on a helper virus. Tombusviral DI RNAs are largely involved in the PTGS-mediated attenuation of symptoms by elevating the concentration of small interfering (si) RNAs, which enter the RNA-induced silencing complex (RISC) that degrades viral RNAs . satRNAs do not share significant sequence identity with the helper genome other than some specific nucleotide stretches. Three satRNAs associated with the replication of tombusviruses have been described. The first to be discovered was a 621 nt molecule associated with infection by cymbidium ringspot virus (CymRSV) (Gallitelli & Hull, 1985; Rubino et al., 1990) . Later, two additional satRNAs, B1 and B10, were found in natural infections by tomato bushy stunt virus (TBSV) (Célix et al., 1997) . The satRNAs associated with tombusviruses all contain a sequence region of~50 nt with 90 % identity to a segment in the 59-untranslated region (UTR) of the helper genome. A limited sequence identity is also present in the 59-terminal nucleotides (Célix et al., 1997) .
The influence of tombusvirus-associated satRNAs on pathogenesis is less defined. satRNA B10 attenuates disease symptoms, whereas neither B1 nor CymRSV satRNAs influence symptom expression directly (Célix et al., 1997 (Célix et al., , 1999 Rubino et al., 1992) . CymRSV satRNA has been suggested to play an indirect role in viral pathogenesis by influencing DI RNA accumulation (Rubino et al., 1992) .
We now report the characterization of a novel satRNA (satRNA L) associated with a TBSV isolate (TBSV-L) recovered from a freeze-dried preparation of Nicotiana benthamiana from our plant virus collection. 
RESULTS
Identification of a novel tombusvirus satellite RNA N. benthamiana plants inoculated with TBSV-L were grown at 24 u C (14 h light) and 15 u C (10 h dark). Chlorotic local lesions developed within 3-4 days, followed by systemic mosaic symptoms and distortion of apical leaves. Thin sections prepared from symptomatic leaves showed that massive accumulations of isometric virus particles, occasionally arranged in crystals, were present in infected cells, as well as large multivesicular bodies derived from deranged peroxisomes (not shown), i.e. cytopathological features typical of tombusvirus infection (Martelli et al., 1988) . Large amounts [approx. 1 mg (g fresh leaf tissue)
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] of virus particles were purified from leaf tissues. Total RNA from infected tissues (Fig. 1a, lane 3) yielded two major bands distinct from rRNAs, which were absent in extracts from uninfected tissues (Fig. 1a, lane 2) . The estimated size of these bands was approximately 4.5 and 0.6 kb, based on the positions of rRNAs and of the genomic RNA of carnation Italian ringspot virus (CIRV; Fig. 1a, lane 1) . RNAs of similar sizes were found in extracts from purified virions (Fig. 1b, lane 1) .
Northern blot analysis using a digoxygenin (DIG)-labelled probe corresponding to the CIRV genomic RNA 39-terminal 300 nt, a sequence highly conserved throughout the genus Tombusvirus , showed the presence of one major and two minor RNAs in RNA extracts from TBSV-L-infected plants (Fig. 1c , lane 2) and virions (Fig. 1c, lane 3) . By comparison with RNAs from CIRV-infected leaves (Fig. 1c, lane 1) , the three RNAs were identified as TBSV-L genomic and subgenomic RNAs. However, no 0.6 kb RNA species was detected with the genomic RNA-specific probe (Fig. 1c) , suggesting that the lower extra band in the RNA extracted from TBSV-Linfected plants was a satRNA rather than a DI RNA.
Sequence analysis
Both satellite-like RNA and its helper genomic RNA were extracted from virions, eluted separately, cloned and sequenced. The genomic RNA consisted of 4778 nt, beginning with the sequence AGAAA and ending with GCCC. It contained 59-and 39-UTRs of 167 and 351 nt, respectively, and five putative ORFs encoding proteins of 33, 92, 41, 22 and 19 kDa, respectively, thus confirming its tombusvirus nature (Russo et al., 1994; White & Nagy, 2004) . Its sequence had a high nucleotide and amino acid similarity (up to 98 %) with the Cherry strain of TBSV (Hearne et al., 1990) of which it can be considered an isolate.
The putative satRNA consisted of 615 nt starting with AGAAA and ending with ACCC. BLAST analysis failed to show significant relatedness with known sequences in the databases. Pairwise nucleotide sequence comparison with the helper genomic RNA sequence showed a lack of similarity other than in two regions. The first was in the 59-proximal 7 nt, which were identical to the corresponding region in the genomic RNA and are probably part of the consensus sequence of the plus-strand promoter (Panavas et al., 2002) . The second region with similarity to its genomic RNA consisted of a central segment of 52 nt (nt 219-270), 79 % identical to a segment in the 59-UTR of the genomic RNA (nt 106-158) (Fig. 2a) . The 39-terminal sequence ACCC differed from the 39-terminal sequence of TBSV genomic RNA, which is GCCC. Only small ORFs could be identified within the sequence, the two largest encoding putative polypeptides of 25 aa (nt 152-226) and 32 aa (nt 383-481), respectively. Taken together, these data suggested that this RNA species might be a genuine satRNA.
A cloned probe comprising the 59-terminal 100 nt of this RNA species of 0.6 kb was prepared. Northern blots of RNA extracts from infected tissues or virions showed that the 0.6 kb molecule, but not genomic and subgenomic RNAs, hybridized with this probe (Fig. 1d) . In addition, smaller RNA species were often detected in tissue but not in purified virus extracts (Fig. 1d, lanes 2 and 3, arrow) .
Pairwise nucleotide comparisons of TBSV satRNA L with other tombusvirus satRNAs showed the highest relatedness to CymRSV-associated satRNA (59 % identity) compared with the TBSV-associated satRNAs B10 (52 %) and B1 (45 %). The major region of identity was in the central segment of approximately 50 nt, also conserved in the genomic RNA ('common region'), which was 89 % identical to the corresponding segment in CymRSV satRNA and B10, and 70 % identical to B1. Also, the 59-terminal 60 nt showed high similarity with the corresponding region of CymRSV satRNA (84 % identity) (Fig. 2b ), but less with B10 (59 %) and B1 (64 %). Finally, the 39-terminal tetranucleotide sequence ACCC was identical to that of CymRSV satRNA, differing from that (GCCC) typical of tombusvirus genomic RNA and B1 and B10 satRNAs. A further element of similarity with CymRSV satRNA was represented by the presence of two CA doublets in the 39-terminal sequence.
Putative RNA secondary structures were predicted using the algorithm implemented in Mfold (Mathews et al., 1999; Zuker, 2003) , which assumes that structures most likely to be correct have the lowest free energy. It was shown that the 59 half of TBSV satRNA L could be folded into two domains (Fig. 3a) , similar but not identical to a T-shaped domain (TSD-like) and a downstream domain (DSD), shown to be essential for TBSV replication and predicted to occur in other tombusvirus genomic, DI and satRNAs (B1 and B10) (Chernysheva & White, 2005; Ray et al., 2003; Wu et al., 2001) . Despite the high general similarity between the primary sequence of the first 60 nt of CymRSV and TBSV satRNAs (Fig. 2b) , a stretch composed of 5 nt (GGAAA) of CymRSV satRNA (nt 34-38) was missing in the corresponding region of TBSV satRNA L. As a consequence, the 59-most domain was cross-shaped rather than T-shaped due to the presence of an additional bulge (B3), and a potential pseudoknot could be formed only by 3 nt in loop 4 (L4) and 3 nt in the region immediately downstream from the stem-loop in DSD.
TSD-like and DSD were separated by a long interposed region of 165 nt, which could form a stem-loop similar to SL5 of CymRSV satRNA, B1 and B10, at least in the lower portion that contained the conserved base pairs CUC/GGG (boxed in Fig. 3b ) (Chernysheva & White, 2005; Ray et al., 2003) . However, comparative sequence analysis of the upper part of the 165 nt region did not reveal the presence of three short sequences conserved in the three predicted loop regions characterizing CymRSV satRNA and TBSV B1 and B10 satRNAs (Chernysheva & White, 2005) .
Mfold analysis was extended to the 39-terminal region of TBSV satRNA L. Similar to TBSV B1 and CymRSV satRNAs, and in contrast to TBSV B10 satRNA, the 39 region of TBSV satRNA L could not be folded in the three stem-loop structures known to regulate minus-strand synthesis in the replication of genomic and DI RNAs (Fabian et al., 2003) .
Effect of satRNA L replication on symptom expression
Infection of N. benthamiana plants with TBSV normally results in the development of severe symptoms on the leaves followed by necrosis and death of the plant, unless virus replication is inhibited by elevated temperatures or by the presence of DI (Jones et al., 1990) or satellite (Célix et al., 1999) RNAs. To test the ability of satRNA L to protect TBSV-infected plants from apical necrosis, purified virus containing satRNA L was inoculated onto N. benthamiana plants, which were grown under the following conditions: 14 h light (at 24 or 21 u C)/10 h dark (at 15 u C), or at a constant temperature of 24, 21 or 15 u C.
Only some plants grown at 24/15 u C or a constant 24 u C escaped apical necrosis, whereas all other plants developed apical necrosis and died within 2-3 weeks (see Supplementary Fig. S1 , available in JGV Online). Gel analysis of RNA extracts from these plants showed that the genomic : satRNA ratio was significantly affected (Fig. 1e) . Only in extracts from plants grown at a constant 15 u C was the satRNA considerably more abundant than genomic RNA (Fig. 1e, lane 3) ; under all other temperature regimes, the satRNA was barely visible (Fig. 1e, lanes 1, 2, 4 and 5). Taken together, these data suggest a strong influence of temperature on the relative accumulation of genomic and satRNAs, and that satRNA L does not play a detectable role in TBSV-induced pathogenesis, as it did not prevent apical necrosis of infected plants, regardless of the temperature at which the plants were grown.
Nature of the shorter-than-unit-length satRNA L molecules As mentioned above, extracts from TBSV-L-and satRNA L-infected tissues contained, in addition to the unit-length satRNA L molecules, smaller RNA species detected using a probe complementary to satRNA L 59-terminal nucleotides (Fig. 1d) . As an initial approach to investigate the nature and origin of these molecules, a probe corresponding to the 39-terminal 198 nt was prepared and used to hybridize the same tissue extract used for Fig. 1(d) . Molecules smaller than the full-length satRNA L molecules were detected (see Supplementary Fig. S2a , available in JGV Online), supporting the hypothesis of their origin from different regions of satRNA L. By contrast, no RNA smaller than full length was detected using a probe for the negative strand ( Supplementary Fig. S2b ).
Rapid amplification of complementary ends (39/59-RACE) procedures were used to clone and sequence the smallerthan-unit-length molecules from infected plants grown at 15 and 24 u C. With both procedures, in addition to the major PCR product of 615 bp corresponding to full-length satRNA L, three minor species were also visible, ranging from 100 to 400 bp (not shown). The PCR products were bulk cloned and ten to 15 clones for each PCR product were sequenced, excluding those containing full-length satRNA L cDNA. It was shown that the termini of the smaller-than-unit-length molecules were distributed along almost the entire satellite molecule except for three regions: the extreme 59 region (forming the TSD-like domain) and 39 region, and, remarkably, the region between nt 219 and 270, which is the sequence common to TBSV genomic RNA, forming the DSD domain (see Supplementary Fig.  S3 , available in JGV Online).
Occurrence of satRNA L-specific small (s) RNAs
To investigate whether RNA silencing might be involved in the replication and accumulation of satRNA L, the occurrence of satRNA L-specific sRNAs was analysed at constant temperatures of 15 and 24 u C. These two temperatures were chosen because previous studies using tombusvirus-infected plants have shown that PTGS at 15 u C is strongly inhibited in comparison with that at 24 u C (Szittya et al., 2003) . Blots probed with a mixture of probes complementary to the 59 and 39 regions, excluding the 'common region', showed the presence of satRNA L-specific sRNAs that were less abundant at 15 u C (Fig. 4a, lane 1) than at 24 u C (Fig. 4a, lane 2) .
When an RNA extract from plants grown at 24 u C was hybridized with a probe obtained by transcription of the entire positive-sense satRNA L molecule, it was seen that sRNAs of negative polarity also accumulated, but to a lesser extent than those of positive polarity (Fig. 4b) .
Support for TBSV satRNA L replication by other tombusviruses
To test the capability of tombusviruses other than TBSV-L to support the replication of satRNA L, in vitro satRNA transcripts were co-inoculated onto N. benthamiana plants with infectious transcripts of CIRV (Burgyán et al., 1996) , CymRSV (Dalmay et al., 1993a) and TBSV-Sta (a TBSV isolate from statice plants; Galetzka et al., 2000) . Control plants were inoculated with helper genomic RNAs only. Plants were grown at 24/15 u C or 21/15 u C. Disease symptoms that developed within 2 weeks in all plants grown at 21/15 u C were the same as those shown by plants infected with TBSV plus satRNA L.
Virus was purified and total RNA was extracted from plants grown at 21/15 u C before the onset of generalized necrosis. Analyses of ethidium bromide-stained agarose gels and Northern blots showed the presence of satRNA L progeny in virions (not shown) and in total RNA from plants co-inoculated with TBSV-Sta and CIRV transcripts, but not in plants co-inoculated with CymRSV (Fig. 5a ). Increasing the concentration of satRNA L in the CymRSV inoculum up to 1 : 1 did not lead to a detectable replication of satRNA L (not shown). RT-PCR analysis confirmed the absence of satRNA L in systemically infected leaves coinoculated with CymRSV and satRNA L transcripts (not shown). Whereas the successful replication of satRNA L in the presence of TBSV-Sta as helper was not surprising, given the high similarity with TBSV-L, the diversity of behaviour between CymRSV and CIRV was striking.
To exclude the possibility that failure to detect replication of satRNA L sustained by CymRSV was due to a lack of short-and/or long-distance movement, protoplasts were isolated from N. benthamiana plants and transfected with CymRSV or CIRV, and satRNA L in vitro transcripts. Northern blot analysis of RNA extracts made after 24 h incubation showed accumulation of satRNA L only in protoplasts co-inoculated with CIRV (Fig. 5b) .
To map the sequence responsible for the different ability of CIRV and CymRSV to support satRNA replication, a set of hybrid clones of these two viruses (Burgyán et al., 1996; Fig. 6a ) was used. These clones were constructed by exchanging progressively larger segments between fulllength clones of the two viruses using natural or introduced restriction sites at positions almost perfectly coinciding with the borders of ORFs. Replication of satRNA L took place only with hybrid clones having at least the Nterminal 224 aa of CIRV ORF1, regardless of the composition of the rest of the molecule, i.e. whether derived completely from CymRSV or a mosaic of sequences from both viruses (Fig. 6b) . The inability of transcripts from clones containing CymRSV sequences in the 59 region to sustain satRNA L replication was confirmed using protoplasts (see Supplementary Fig. S4 , available in JGV Online).
The start codon of CIRV ORF1 is positioned 83 nt upstream of the position of the CymRSV initiation codon . Therefore, the 59-UTR of CIRV is shorter (77 vs 160 nt). The 50 nt stretch common to all tombusvirus and satRNA sequences, including satRNA L, is located in the CymRSV 59-UTR and in CIRV ORF1. An infectious CIRV mutant was used (C80; Burgyán et al., 1996) , whose ORF1 initiates at a second start codon at position 144, so that the 'common region' was located in the 59-UTR. Co-inoculation of plants with CIRV C80 and satRNA L led to robust replication of satRNA L (see Supplementary Fig. S5 , available in JGV Online), suggesting that, regardless of whether or not the 'common region' is translated, this region does not have a direct role in the helper competence to support satRNA L replication. The 59-UTR sequence was exchanged between CymRSV and CIRV C80 full-length clones. Analysis of RNA extracts showed that satRNA L replication occurred regularly in all plants inoculated with CIRV C80 containing the CymRSV 59-UTR, with no detectable difference in comparison with CIRV C80 or wild-type CIRV. By contrast, limited replication of satRNA L was detected only in one out of four plants co-inoculated with CymRSV containing the CIRV C80 59-UTR (not shown). Inoculation of protoplasts confirmed the competence of this mutant to support the replication of satRNA L, albeit at a reduced level (Fig. 6c) .
DISCUSSION
TBSV satRNA L adds to the list of known satRNAs of plant viruses (Simon et al., 2004) , four of which are now those associated with species of the genus Tombusvirus (Célix et al., 1997; Rubino et al., 1990 ; and this study). The primary structure of satRNA L was more similar to that of CymRSV satRNA than TBSV B1 and B10 satRNAs, particularly in the 59-terminal 60 nt and in the 39-terminal 4 nt, where the triplet CCC was preceded by an A instead of a G. The presence of a G at position 24 is an absolute requirement for the replication of tombusvirus genomic and DI RNAs and it may represent the position of initiation of minus-strand Characteristics of a TBSV satellite RNA synthesis (Dalmay et al., 1993b; Havelda & Burgyán, 1995; Pantaleo et al., 2003) . By analogy with experimental evidence gained for CymRSV satRNA, a similar replication strategy for satRNA L can be suggested, where the concurrent replication of genomic RNA is required rather than the sole expression of the replicase proteins, which is sufficient to replicate DI RNAs (Kollar & Burgyán, 1994; Rubino et al., 2004) .
Approximately 250 nt at the 59 terminus of CymRSV satRNA and 300 nt of TBSV B1 and B10 satRNAs can fold into structures (Chernysheva & White, 2005) similar to those exhibited by tombusvirus genomic and DI RNAs containing two interacting domains, TSD and DSD, potentially forming a pseudoknot required for efficient replication Wu et al., 2001) . Domains comparable to TSD and DSD were also identified in the secondary structure of satRNA L (Fig. 3) ; however, only 3 nt may potentially form a pseudoknot between L4 and s8.
The biological effects of a number of these subviral RNAs have been studied extensively. For instance, satRNAs of the cucumoviruses peanut stunt virus (Militão et al., 1998) and cucumber mosaic virus (Roossinck et al., 1992) attenuate, exacerbate or have no effect on symptom expression, depending on the helper virus strain and host plant. Conversely, satC, a satRNA associated with turnip crinkle virus (TCV) infections, invariably enhances symptom expression, whereas another satellite (satD) does not modify TCV symptoms (Simon et al., 2004) . Studies on the biological properties of tombusvirus satRNAs have shown that the satRNA associated with CymRSV does not interfere with symptom expression in N. benthamiana (Rubino et al., 1992) . Likewise, TBSV satRNA B1 does not modify the severity of symptoms, whereas satRNA B10 prevents systemic necrosis and the death of infected plants (Célix et al., 1997 (Célix et al., , 1999 . TBSV satRNA L behaves like TCV satD and TBSV satRNA B1, as it does not interfere with symptom expression, regardless of the helper virus, at least in the test plant N. benthamiana.
Attenuation of symptoms and reduction in helper virus titre in virus-infected plants may be the results of PTGS mediated by siRNAs (Csorba et al., 2009; Ding & Voinnet, 2007; Ruiz-Ferrer & Voinnet, 2009 ). In tombusvirusinfected plants, synthesis of siRNAs is largely contributed by DI RNA molecules, which are not themselves a target of silencing . In plants infected by TBSV plus satRNA L, large quantities of sRNAs derived from satRNA L are synthesized, which probably do not target genomic RNA and therefore have no role in genomic RNA accumulation. They may still have a role in satellite accumulation because of the occurrence of part of them in a negative orientation, which may control excessive accumulation of the positive strand. The role of silencing in the regulation of satRNA L accumulation is also suggested by the observation that the amount of satRNA was higher at a low temperature, when the silencing pathway is inhibited.
We believe that the molecules in the range of 200-400 nt related to satRNA L are not the product of silencing guided by genomic RNA, as suggested for CymRSV satRNA whose siRNAs, derived from the 'common sequence', have been indicated as responsible for downregulating satRNA accumulation (Pantaleo & Burgyán, 2008) . This is because (i) 59-and 39-RACE analyses did not reveal fragments either beginning or ending in the 'common region'; (ii) the shorter-than-unit-length fragments were present in plants grown at 15 u C, when the silencing machinery is largely inhibited (Szittya et al., 2003) ; and (iii) sequence analysis of the fragments did not show non-templated U residues at the 39 end of the putative cleavage products, which is an indication of RISC-mediated cleavage (Shen & Goodman, 2004) . We favour the hypothesis that the smaller-thanunit-length satRNA L molecules derive from internal initiation or premature termination during the replication cycle.
As expected, satRNA L replication was supported by TBSVSta, whose sequence is very similar to that of TBSV-L. In addition, CIRV was shown to be an efficient helper for satRNA L replication, whereas CymRSV could not support replication of this molecule either in plants under different temperature conditions or in protoplasts. One major difference between CIRV and CymRSV concerned the position of the 'common region' of 50 nt conserved in tombusvirus genomic and satellite RNAs, which is in the ORF1 of CIRV and in the 59-UTR of CymRSV. The use of the CIRV C80 mutant allowed us to conclude that translation of this sequence is not necessary for the competence of the helper virus to replicate satRNA L. On the other hand, exchanging the 59-UTR between CIRV C80 and CymRSV made the latter weakly competent to replicate satRNA L, whereas clone CIRV C80 carrying the 59-UTR of CymRSV did not suffer any detectable decrease in competence to replicate satRNA L. With regard to the CIRV-CymRSV hybrid clones, a clone having as few as the N-terminal 224 aa of the CIRV ORF1 and 59-UTR was shown to be fully competent for replication of satRNA L.
In conclusion, it seems that two elements concur to make a tombusvirus capable of sustaining satRNA L replication: a major factor residing in the N-terminal region of CIRV ORF1 and a minor one located in the CIRV 59-UTR. The N-terminal region of tombusvirus ORF1 has the targeting signal to determine whether replication would occur at the mitochondrial (CIRV) or peroxisomal (CymRSV, TBSV) membranes (Burgyán et al., 1996) . As satRNA L replication takes place in both CIRV-and TBSV-infected cells, the type of organelle membrane cannot be the discriminating element for satRNA L replication.
Selective replication of viral RNAs depends on the capability of the viral replicase to recognize these RNA species in the pool of cellular RNAs. Specific RNA-binding domains, consisting of a short sequence rich in arginine and proline residues (denoted the RPR motif), have been identified in tombusvirus replicase proteins that specifically recognize an RNA element present in both genomic and DI RNAs (Pogany et al., 2005; Rajendran & Nagy, 2003) . However, the composition of the RPR motif of CymRSV (RRRTPYA) is different from that of the other tombusviruses (RRRPYA). The use of a clone carrying the N-terminal region of CIRV p36 seemed to exclude the involvement of the RPR motif, as it resides outside this region (Fig. 6) . On the other hand, the CIRV p36 mitochondrial signal contains a region rich in positively charged and hydoxylated amino acid residues, positioned between the two transmembrane domains (Hwang et al., 2008) . We suggest this region to be the major RNA-binding domain functioning in recruiting and targeting satRNA L to replication sites. Alternatively, the RPR motif (Rajendran & Nagy, 2003) functions in the absence of this domain, but replication occurs only if another favourable factor is present in the 59-terminal region, as in TBSV but not in CymRSV. Inspection of the secondary structures of the 59-terminal sequences of tombusvirus genomic and satellite RNAs (Wu et al., 2001) has shown that the 59-terminal sequence of CIRV folds like that of satRNAs, in particular in the left arm of the T (or the cross in the case of satRNA L), where only one stem (S2) and one loop (L2) are present. The folding of TBSV differs from that of CIRV by the presence on the left of another stemloop structure (S3, L3) and that of CymRSV by the presence of an additional stem-loop not found in any other tombusvirus RNA.
We hypothesize that the structural similarity at the 59 end between the CIRV genome and satRNA L is an important factor favouring the replication of satRNA L by CIRV. This condition is still favourable for TBSV, but is nonpermissive for CymRSV, also considering the non-perfect conservation of the RPR motif. The facility to replicate satRNAs by CIRV compared with CymRSV concerns TBSV satRNA L and CymRSV satRNA (Pantaleo & Burgyán, 2008) , both of which terminate at the 39 end with ACCC, but not TBSV B1 and B10 satRNAs, both terminating at the 39 end with GCCC (Célix et al., 1999) .
In conclusion, the present results clearly indicate that tombusvirus satRNAs do not replicate using the same strategy as the viral genomic or DI RNAs. Further studies are desirable to investigate the unknown facets of their strategy.
METHODS
Virus propagation, purification, and viral RNA extraction and analysis. The virus culture was started by grinding a sample of freeze-dried tissues in 0.1 M acetate buffer containing 2 % Celite and inoculating N. benthamiana plants, which were kept in a growth chamber (MLR-351; Sanyo) with a 14 h photoperiod and various temperature regimes. Virus was purified as described by Burgyán & Russo (1998) . RNA from infected tissues and from purified virions was extracted according to the method of White & Kaper (1989) , as modified by Dalmay et al. (1993b) . RNA was either partially denatured with formamide, electrophoresed in agarose gels and stained by ethidium bromide, or fully denatured with formamide and formaldehyde, electrophoresed in formaldehyde-containing gels, transferred to nylon membranes and hybridized with appropriate DIG-labelled probes. To detect low-molecular-mass species, approximately 5 mg RNA extract was separated by PAGE (8 % gel) with 8.3 M urea in Tris/borate/EDTA and electroblotted onto nylon membranes. Preparation of protoplasts from N. benthamiana plants, transfection and RNA analysis were carried out as described previously (Dalmay et al., 1993b; Rubino et al., 2001 ).
Molecular cloning and sequence analysis. Gel-eluted genomic and satRNAs were polyadenylated with poly(A) polymerase (Invitrogen) and used as template for oligo(dT)-primed cDNA synthesis using a commercial kit (Roche). Alternatively, cDNA was synthesized using random hexamers. Double-stranded DNA was ligated to SmaI-digested pUC18 and cloned into Escherichia coli strain XL1-Blue. Several clones were obtained and sequenced. The sequences thus obtained were bridged by PCR using specific primers and highfidelity Taq DNA polymerase (Roche). The 59 and 39 regions were cloned using a 59/39-RACE kit (Roche). Cloning of PCR products was carried out in pGEM-T Easy vectors (Promega). Plasmid DNA was purified using a NucleoSpin kit (Macherey-Nagel) and sequenced in both directions (MWG Biotech). Sequence data were preliminarily analysed using DNA Strider software (Marck, 1988) and further examined by comparison with known nucleotide and protein sequences using BLAST (Altschul et al., 1990) . Pairwise comparisons were made using EMBOSS in the EBI package (Rice et al., 2000) . RNA secondary-structure predictions were carried out using Mfold version 3.2 (Mathews et al., 1999; Zuker, 2003) .
A full-length cDNA copy was prepared by RT-PCR. First-strand synthesis was primed with oligonucleotide 59-GGGTGTTTGG-TTAAACATTAATATGTG-39, complementary to the 39-terminal region, using a commercial kit (Applied Biosystems). The forward primer was 59-GGAATTCTAATACGACTCACTATAGGAAATTT-CCTGGGTTCAATC-39, containing the T7 RNA polymerase promoter followed by nucleotides identical to the 59-terminal residues, except that the 59-terminal A residue was changed to G to facilitate T7 transcription. PCR was carried out using Vent polymerase (BioLabs). Infectious transcripts were prepared and inoculated onto N. benthamiana plants as described previously (Burgyán et al., 1996; Dalmay et al., 1993b) . Normally, helper and satellite RNAs were mixed in a ratio of 5 : 1 prior to inoculation.
Analysis of the smaller-than-unit-length RNA species was carried out by 59/39-RACE. PCR amplification of the 39-RACE cDNA was carried out with an oligonucleotide corresponding to the 59-terminal 18 nt of satRNA L as a specific sense primer; for 59-RACE, an oligonucleotide complementary to the 39-terminal 18 nt was used as a specific antisense primer.
Electron microscopy. Purified virus particles were negatively stained with 2 % uranyl acetate. For thin sectioning, leaf fragments were excised from systemically infected N. benthamiana, fixed, bulkstained with uranyl acetate, dehydrated in a graded ethanol series and embedded in Spurr's resin (Martelli & Russo, 1984) . Negatively stained preparations and thin sections were viewed and photographed with a Philips Morgagni 282D electron microscope.
